We propose a possible experimental setup for non-reciprocal electron transport in a lateral spin valve due to noncoplanar distribution of magnetic moment (and field) in the system. Some metals (Al, Cu) and semiconductors (GaAs, InSb etc.) demonstrate spin accumulation even at room temperatures due to large spin flip lengths (0.3-2.0 µm). The Hanle precession was observed in lateral spin valves based on such materials and two parallel magnetic electrodes. We provide theoretical estimations which show that the nonreciprocal effect in a configuration with non-parallel magnetic electrodes is of the same order of value as the effect that arise due to Hanle precession. This makes it possible to observe the nonreciprocal electron transport as a manifestation of the noncommutativity of spin-1/2 algebra for them in the proposed system.
I. INTRODUCTION
Spatial noncoplanar magnetic field distributions can demonstrate unusual transport effect for spin-1 2 particles: persistent electric current 1, 2 , rectification effects for neutrons 3, 4 and electrons [5] [6] [7] , neutrons "skew" scattering 8, 9 and topological Hall effect for electrons 10, 11 . The detection of persistent current or rectification effect in typical ferromagnets is very complicated due to small value of these effects and the intensive spin-flip scattering of carriers. Thus one should consider systems where the spin-flip scattering is low. For example, thermal neutrons have a spin-flip length about 10 cm on the air in the Earth magnetic field. This makes it possible to observe the diode effect for neutrons in transmission through two magnetic mirrors in an external field 12 .
Aluminium and copper have very large spin-flip length 13 for conductive electrons. Thus the polarized electron transport can be observed in a lateral spin valve based on such materials 14, 15 . The A 3 B 5 semiconductors are very promising materials for lateral spin-dependent transport [16] [17] [18] . E.g. InSb has a very large spin-flip length (several µm) at room temperature 19 . This allows to develop an artificial system for observation of nonreciprocal electron transport in case of noncoplanar spatial distribution of a magnetic field.
In this paper we consider a lateral spin valve 13 in which the magnetizations of the ferromagnetic electrodes have arbitrary angles with respect to the spin flow direction. The external field is applied perpendicularly to the electrode magnetizations (Fig. 1) . Thus the magnetizaitons of the electrodes and the applied magnetic field form a noncoplanar triplet. This system is analogous to the nonreciprocal cell for thermal neutrons 12 . The rectification effect was previously calculated in a similar F/I/N/I/F system 7 . Here we consider one-dimensional channel for charge carriers. We show the nonreciprocal diode effect is of the same order as a typical Hanle precession in a coplanar lateral spin valve and therefore may be observed in such system. 
II. THEORETICAL APPROACH
We consider a system depicted on Figure 1 . It consists of two ferromagnets connected electrically by a non-magnetic one-dimensional channel through thin insulating interlayer. The ferromagnets are magnetized non-collinearly. An external magnetic field is applied to the system in the direction perpendicular to both magnetizations of ferromagnets. The magnetic field is supposed to be small enough to keep magnetizations of ferromagnets almost unchanged. Besides, it is supposed that spin diffusion length in a conductive channel is bigger than its length (between two ferromagnets). The electric current passes from one ferromagnet to another. We calculate its dependence on the applied voltage and thus find the resistance of the system.
In the considered system the charge transport is determined by three processes. First one is the injection of spin-polarized carriers from one ferromagnet (spin polarizer) to the onedimensional conducting channel. Second one is the transport of injected non-equilibrium charge to the second ferromagnet (spin analyzer). Finally, third process is tunnelling of charge carriers from the conducting channel to the spin analyzer. In order to describe transport of spin-polarized electrons in the channel we use the Boltzmann equations with a arXiv:1905.13629v1 [cond-mat.mes-hall] 31 May 2019
following Hernando et al. 20 . The tunnelling of electrons at both boundaries is described by boundary conditions that provide conservation of electron mass and spin flux 21 .
A. Equations for electrons in a channel
The distribution function of conductivity electrons may be re-written asf
where σ 0 is the 2×2 identity matrix, σ is the vector of Pauli matrices, x and v x are the Cartesian coordinate and speed along the channel respectively. Obviously, n in (2) stands for the local electron concentration distribution, while m is their magnetic moment distribution function. If the spin polarizer and analyzer are divided from the intermediate channel by the insulating barriers we may neglect the electric field inside the conductive channel. Only the external magnetic field needs to be taken into account. Another important assumption is the tau-approximation for scattering integrals. Besides, we suppose that there are three times: ultrafast momentum relaxation time τ p , relatively slow spin relaxation time τ s and an even more slower energy relaxation time τ e . The Boltzmann equations take the following form
γ e is the electron gyromagnetic ratio, B is the applied magnetic field which is assumed to be perpendicular to the plane of the system. Here we introduce the averaged over momentum concentration and magnetization density n and m, respectively. Besides, "equilibrium" values n 0 and m 0 are used. These values are the average of n and m over energy, respectively. Since we suppose that the momentum relaxation time τ p is much smaller than all other characteristic times we may obtain separate equations for n, m and
In these equations we suppose that the equilibrium magnetization is zero after relaxation, thus neglecting the electron spin polarization in the external magnetic field (this electron polarization may be neglected since it does not contribute to the non-reciprocal effect that appears in non-coplanar system).
The velocity v = |v x | is defined by the energy as v = 2ε m e (ε and m e are the electron energy and mass respectively). As it was mentioned earlier, the "equilibrium" electron density is n 0 = ndv dv . The equations for electron density (5), (6) and for magnetic moment (7), (8) are solved separately. In order to obtain the electric current and spin current we need to find only the averaged over momentum parameters n, m. We will further suppose that the magnetic field B is applied along the z-axis of the Cartesian coordinate system (see Figure 1) . The equation for n takes the form
where ξ e = τ e τ p v 2 −1/2 and n 0 is determined by n and therefore may depend on the coordinate. We solve (9) for n supposing that the energy relaxation time is very big: ξ e d << 1 for the Fermi velocity of electrons v F , where d is the length of the channel (see Figure 1 ). The solution then takes the form
It is seen from the calculations below that the first two terms in (10) are enough. Thus the average electron density n 0 is defined by C 1 and C 2 but its dependence on the x-coordinate does not give correction to n in equation (9) up to the first order in ξ e x. General solution for m has the form
where W 1 and W 2 are complex constants, A and D are real constants, ξ s = τ s τ p v 2 −1/2 , a and b are defined as
Since the z-component of magnetization is not induced by the boundary conditions and we neglect the electron spin polarization due to B, taking into account only precession of spin about it, the constants A and D are zero. It should be noted that although we do not suppose that the magnetic field B is small this supposition is implied because we do not take into account change of the magnetizations M L and M R by it. It is convenient to write down all the conditions on parameters used to obtain the solution (10), (11) , (12) . These condi-tions are
The condition (18) is realistic for Al conductors even at room temperatures 14, 22 . The condition (19) can be satisfied for relatively small conduction channel length (for estimations, see Section III).
B. Boundary conditions
We suppose that there is no inelastic and spin-flip scattering inside thin barriers and at the boundaries. Therefore the boundary conditions are conservation of electron flow and spin current at the boundaries. The charge and spin current inside ferromagnets may be obtained using the ButtikerLandauer formalism 21 . If the current flows from left ferromagnet located at x = −d to right one located at x = 0 these currents take the form
at the left bounday and
at the right boundary. Here G is a constant defined by electron tunneling probability, P is a constant that takes into account spin accumulation in the metal channel, P is a constant that determines the spin flow due to the current of polarized electrons. The magnetizations M L and M R of the left and right ferromagnets are supposed to lie in the xy plane. They are defined by absolute value M L , M R and angle of rotation θ , ψ as:
The equations (20)- (23) are valid in energy range ε
V is the applied voltage, where there are electrons in the left ferromagnet (source) and there are no electrons in the right ferromagnet (sink). Note that only the electrons in this energy range contribute to the electric current in the channel.
The electric and spin current density in the channel may be found as
The boundary conditions are obtained by equating (26), (27) at x = −d to (20) , (21) and (26), (27) at x = 0 to (22), (23).
We solve these equations in linear order in G and the product PP . The total electric current j Σ x is obtained by integrating the electron current determined by (26) over the whole energy range:
We perform integration and keep only linear in V terms. The described approach and electric and spin current in the boundaries (20)- (23) are valid only when the electrons flow from the left ferromagnet to the right ferromagnet since they explicitly take into account that there are electrons in energy range ε ∈ ε F − V 2 , ε F + V 2 in the left ferromagnet and there are no electrons in this energy range in the right one. For the opposite direction of electron flow, different equations for electron and spin current should be written. We do not provide them in the text of the paper; however the results obtained for two directions of current may be found below (see Section III).
III. RESULTS AND DISCUSSION
Taking into account that the electrons charge is negative, we have for the case considered in Section II V = φ L − φ R < 0. Then the electric current in the absence of magnetic moments is
We suppose that the electric current is from L to R hereafter (negative sign of current means different current direction). For the positive and negative V the addition to the electric current due to magnetization of source and sink has the form
(Color online) The voltage-to-current ratio dependence on the applied magnetic field for the angle between source and sink magnetization equal to 0 (red dashed curve), π/2 (blue curve). The dots represent experimental data obtained by Jedema et al. 14 . The red dashed curve is the ordinary Hanle curve.
where v F = 2ε F m e is the electron Fermi velocity. Equation (30) contains the corrections to resistance due to spin accumulation that are proportional to M 2 L or M 2 R separately. Besides, there is a cross-term proportional to M L M R . This term is split into two. The first one is proportional to the cosine of the angle between M L and M R and was observed in experiment 14 in parallel or antiparallel magnetization configuration. It is even with respect to the applied external magnetic field B. This term describes the ordinary Hanle precession in lateral spin valves.
The second term is proportional to sine of the angle between M L and M R and thus is odd in B. It may exist only in case of noncollinear M L and M R vectors and thus noncoplanar M L , M R , B triplet. The overall dependence of the addition to current due to magnetization of current source and sink on B is neither even nor odd. It should also be noted that the sign of the term cos (θ − φ ) changes as the voltage V sign changes, but the sign of the term sin (θ − φ ) does not change. First, this means that the second term is a diode effect. Second, it corresponds to the symmetry of the system with respect to interchange of "Left" and "Right" notations.
The estimations of the voltage-to-current ratio dependence on the applied field are shown in Figure 2 . The calculations are done for d = 1.1 µm aluminium channel at 4.2 K. The amplitude of δ j ± is calibrated by the V/I ratio taken from Ref. 14 . The fit parameters are the following: τ p ≈ 2.5 × 10 −15 s, τ s ≈ 90 × 10 −12 s and v F ≈ 1 × 10 6 m/s. We should note that our parameters lead to diffusion constant D ≈ 2.5 × 10 −3 m 2 s −1 and spin-flip length λ SF ≈ 480 nm which are of the same order of value as those taken in Ref. 14 . It is seen that for the collinear case this dependence is even with respect to B and is approximately the same as in the experiment 14 . Small difference may be attributed to non-local spin injection which leads to some spread of d and is not taken into account in theory. If M L and M R are perpendicular to each other this dependence becomes odd. Note that the condition (19) is satisfied for the parameters of the system for τ e >> 4 × 10 −10 s which conserves the condition τ e >> τ s .
According to (30) the diode effect can be measured by reversing the external magnetic field (similar to nonreciprocal neutron scattering experiments 12 ). In case of noncollinear ferromagnet electrodes a symmetrical Hanle precession curve will be summed with an odd "diode" curve. This effect is of the same order as Hanle effect and undoubtedly can be observed in experiment with a small modification of lateral spin valve structure.
IV. CONCLUSION
We have shown that the diode effect in a lateral spin valve with noncollinear magnetizations of two magnetic electrodes is of the same order as the Hanle effect observed in similar systems with collinear magnetizations previously. Our calculations show that the diode effect may be observed in such systems experimentally. 
